The role of the human amygdala in real social interactions remains essentially unknown, although studies in nonhuman primates and studies using photographs and video in humans have shown it to be critical for emotional processing and suggest its importance for social cognition. We show here that complete amygdala lesions result in a severe reduction in direct eye contact during conversations with real people, together with an abnormal increase in gaze to the mouth. These novel findings from real social interactions are consistent with an hypothesized role for the amygdala in autism and the approach taken here opens up new directions for quantifying social behavior in humans.
Introduction
Ever since the classic studies of Kluver and Bucy (1937) , the amygdala has been implicated in social behavior in primates. Although effects of amygdala lesions on real social behavior have been investigated in monkeys (Meunier et al., 1999; Emery et al., 2001; Prather et al., 2001; Bauman et al., 2004; Bachevalier and Loveland, 2006) , all quantitative studies in humans have used artificial social stimuli in the laboratory (Adolphs et al., 1998; Adolphs and Tranel, 2000; Phelps, 2006) . Artificial stimuli have also been important in demonstrating the response of the amygdala in healthy participants using neuroimaging (Breiter et al., 1996; Irwin et al., 1996; Whalen, 1999; Kim et al., 2004; Johnstone et al., 2005) .
Perhaps the most striking findings to emerge out of studies investigating the effects of human amygdala lesions on social cognition come from patient S.M., a 42-year-old woman with extremely rare focal bilateral amygdala lesions (Tranel and Hyman, 1990; Adolphs and Tranel, 2000) . Like other subjects with amygdala damage (Adolphs et al., 1999) , S.M. is impaired in judgment of the emotions shown in photographs of faces, an impairment caused by a failure to fixate informative features of the faces (Adolphs et al., 2005) . Intriguingly, S.M. and other patients with bilateral amygdala damage are also impaired in more complex social judgments, such as trustworthiness, but again, these findings pertain solely to judgments about photographs of faces (Adolphs et al., 1998) . It has remained an open question if and how any of these findings might apply to situations in which real people are the social stimuli.
The present study tested the hypothesis that the amygdala would play a critical role in the control of face gaze during real conversations with another person. We found that focal damage to the bilateral amygdala did not in fact reduce overall gaze to the face during conversations, but instead changed the way gaze was deployed to the face. Lacking an amygdala eliminated almost all direct eye contact as measured by fixations to the eyes, and resulted in nearly exclusive gaze to the mouth. We discuss the implications of these findings for hypotheses regarding the role of the amygdala in the top-down attentional control of face gaze, and for its putative role in autism.
Method
Participants. All research methods were conducted with the approval of the Institutional Review Board at the California Institute of Technology. We tested participant S.M., a 42-year-old woman with bilateral amygdala damage whose detailed neuropsychological profile has been published previously (Tranel and Hyman, 1990; Adolphs and Tranel, 2000) , five healthy women similar in age (49.8 Ϯ 8.1 years; mean Ϯ SD), and 21 healthy younger participants (12 women; age 27.9 Ϯ 2.5 years). S.M. participated in all experiments and controls participated as specified below. All participants had normal or corrected to normal visual acuity, normal basic visuoperception (e.g., normal performance on the Benton facial recognition task), and IQ in the normal range.
Face-to-face conversation. Our experiment consisted of conversations with a professional, trained actor as part of a larger study of the effect of social context (i.e., telling the truth vs lying) on face gaze. Before speaking with the actor, participants wrote out sets of true and false responses to a set of interview questions regarding controversial social issues, including reasons for their answers (for a list of questions, see Table 1 ). Participants needed only to memorize their initial yes/no response and knew that the interviewer would not know whether they were telling the truth or lying, but that he would judge the truth of each response. Participants were instructed to respond always in as convincing a manner as possible.
Immediately before the beginning of a face-to-face session, participants were fitted with an eye tracker worn on the head (Eyelink II; SR Research, Osgoode, Ontario, Canada). This enabled video recording of the actor via a scene camera mounted near the forehead, with concurrent eye tracking in three dimensions at a temporal resolution of 250 Hz and a spatial resolution of ϳ1°of visual angle. Calibration in three dimen-sions used a set of points at several depths, allowing the Eyelink II to use binocular disparity to correct for parallax. Participants were free to move their head and to gesture during the session. Each face-to-face session consisted of either six (S.M. and five matched controls) or eight (21 younger controls) questions. The actor was seated ϳ1.2 m (ϳ10°visual angle) across a small desk from the subject for the duration of the session (Fig. 1a ).
Participants were signaled by an experimenter via an earphone either to give their true opinion or to lie. All data presented here were taken only from trials on which participants told the truth (a preliminary analysis found no effect of truth/lying on the amygdala-specific differences in the measures reported here). The professional actor (Nick Annunziata) was instructed to maintain eye contact, maintain a neutral facial expression and tone of voice, avoid gestures, and keep his head position fairly stable. The actor was unaware of the neurological status of subject S.M. and completely unfamiliar with any of our hypotheses. None of our participants stated that they recognized the actor.
A trial began when the actor issued question A, a yes/no question regarding a participant's opinion (e.g., "In your opinion, should social security be abolished?"), and then proceeded in the following order: (1) participant's response A; (2) follow-up question B ("Why?" or "Why not?"); (3) participant's response B; (4) follow-up question C ("How strongly do you feel about that?"); (5) participant's response C; (6) follow-up question D ("Why?" or "Why not?"); and (7) participant's response D, after which the trial ended. At the end of each trial, the actor looked down at a notepad for a few seconds to read the next question, and then proceeded to make eye contact again and the next trial started.
To determine whether familiarity with a conversational partner would change any putative effects of amygdala lesion on fixations to the face, we tested S.M. with one of the experimenters (R.A.) whom S.M. has known for over 12 years. There was a short break between S.M.'s session with the actor and this session, during which two experimenters (M.L.S. and R.A.) spoke with S.M. casually. For the interview session, R.A. asked the same questions the actor had just asked, in the same order. Effects of familiarity were tested only for S.M., and only in the face-to-face condition.
Conversation over live video. The procedure over live color video was a modified form of the face-to-face condition. The actor could only hear, but not see, the participants, although the participants could both see and hear the actor via live video and knew he was present in an adjacent room (Fig. 1b) . Live video was presented at 25 frames per second and recorded simultaneously at 15 frames per second using a webcam (640 pixel width ϫ 480 pixel height; Logitech, Fremont, CA) and the Image Acquisition Toolbox in Matlab (R14Sp2; Mathworks, Natick, MA), and eye tracking was done by interfacing with the Eyelink II within Matlab using the Eyelink Toolbox (Cornelissen et al., 2002) . Video was presented on a cathode ray tube monitor (40 cm width ϫ 30 cm height; MA203DT D, Vision Master 513 Pro; Iiyama, Warminster, PA) at a resolution of 720 ϫ 578 pixels with a vertical refresh rate of 100 Hz. Only the center of the webcam image (320 ϫ 240 pixels), framing the actor's head and face, was presented against a gray background. Eye-to-screen distance was ϳ76 cm, and the actor's face on the screen subtended ϳ11°of visual angle.
SM and the five matched controls all participated in the video condition first, and the face-to-face condition second; of the 21 younger controls, seven first participated in the video condition and 13 first participated in the face-to-face condition (there were no order effects on the effects reported here in the 21 younger controls and so these subgroups were pooled).
Automated face detection. The scene camera mounted on the subject's forehead and the recording of the webcam video provided frame-byframe datasets of the stimulus (i.e., the actor) onto which a participant's gaze data were superimposed. To perform a region of interest (ROI)-based analysis of fixation patterns, it was necessary to determine the ROI-specific coordinates for all frames corresponding to fixations made during a given trial. Face detection was automated using software libraries developed at the Fraunhofer Institute for Integrated Circuits (Fröba and Ernst, 2004; Fröba and Küblbeck, 2004) and generously provided to our laboratory by Dr. Christian Küblbeck. The method has a hit rate of 90% and a false alarm rate of 0.4% (Fröba and Küblbeck, 2004) . We decreased the likelihood of false alarms by only selecting those frames on a given trial whose face and eye coordinates were within 2 SDs of the mean coordinate values. This range allowed for changes in coordinates caused by head movements by participants (for the face-to-face condition) and the actor (for both conditions). Data analysis. All data analyses focused on fixations that occurred between a participant's first response (response A) and her last response (response D), using the Eyelink Data Viewer. Note that the analyses included only those video frames when the participant, not the actor, was speaking. This was done to avoid those frames during which attention might be captured by a speaking mouth facing the participant. We are unable to confidently analyze fixations that occurred during the very brief time when the actor, and not the participant, was speaking, because of the low number of fixations obtained during this time (typically, N Ͻ 25 across all trials). To discriminate fixations, we set a threshold of 0.1°of drift within 50 ms. ROIs were defined for the face, eyes, and mouth, based on the results of the automated face detection software. Each fixation was associated with an ROI by calculating the mean ROI coordinates across all frames for the duration of the fixation. SDs for these means were typically Ͻ5 pixels in both directions. Fixations falling within the ROIs, but not on ROI edges, were included for the ROI-specific analyses. The proportion of time spent fixating a given ROI was calculated by summing the fixation durations within that ROI and dividing by the total trial time, yielding values for fractional dwell time. Fractional dwell times within the eye and mouth regions were further normalized by the face-specific fractional dwell time (Fig. 2e) .
Results
We found no effect of amygdala lesion on the overall time taken to respond to questions or on the length of time spent fixating the face during a trial (Fig. 2e, left) . S.M.'s face-to-face and video condition trials had a mean duration of 26.39 Ϯ 9.86 s (mean Ϯ SD), which fell within the range of the mean trial durations of both the matched (17.92 Ϯ 7.56 s; n ϭ 5) and younger (25.21 Ϯ 11.05 s; n ϭ 21) control groups. S.M. completed the initial questionnaires and answered the actor's questions normally.
We compared S.M.'s pattern of fixations to those of five healthy females of similar age, and to those of a larger group of 21 healthy younger subjects, analyzing first those fixations during which the participant, not the actor, was speaking (see Materials and Methods). Relative to these two comparison groups, which did not differ on the measures of gaze reported here (t (24) Ͻ 0.75; p values Ͼ 0.4), S.M. spent less time making fixations to the eyes (t (4) ϭ Ϫ2.87, p ϭ 0.023, dЈ ϭ 3.13 and t (21) ϭ Ϫ3.06, p ϭ 0.003, dЈ ϭ 3.15, respectively for each of the two comparison groups), and significantly more time making fixations to the mouth (t (4) ϭ 6.74, p ϭ 0.001, dЈ ϭ 7.38 and t (21) ϭ 4.13, p Ͻ 0.001, dЈ ϭ 4.23, respectively) (Fig. 2a,b) .
In a second experiment with the same actor in an adjacent room, conversation proceeded as in the face-to-face experiment but via live video. The findings here were essentially the same: S.M. barely fixated the eyes (t (25) ϭ Ϫ2.53; p ϭ 0.009; dЈ ϭ 2.58), instead fixating the mouth (t (25) ϭ 1.90; p ϭ 0.035; dЈ ϭ 1.93; pooled data from comparison groups) (Fig. 2c,d) . A final experiment done only with S.M. consisted of a face-to-face conversation using the same structured interview with someone S.M. has known for over 12 years (one of the experimenters, R.A.). The findings here paralleled those with the actor. Once again, S.M. hardly fixated the eyes (Fig. 2e, middle) and fixated the mouth almost exclusively (Fig. 2e, right) , suggesting that familiarity was not a factor in S.M.'s deficit.
Discussion
S.M.'s face gaze during social interactions was similar to S.M.'s gaze to photographs of faces (Adolphs et al., 2005) in that S.M. made nearly no fixations on the eyes during a social interaction with another person. Yet, there was an important difference between the finding with photographs and our results here in real conversations. Whereas S.M. focused more on the center of the face when looking at photographs, in real conversations S.M. spent most of the time looking at the mouth. This difference may be related to the putative role of the amygdala in top-down visual attention to faces and other social stimuli (Anderson and Phelps, 2001; Vuilleumier et al., 2004; Adolphs et al., 2005; Adolphs and Spezio, 2006) . Lacking an amygdala could interfere with normal face gaze because of a lack of top down control, such that guidance of overt visuospatial attention is dominated by low-level visual cues (Peters et al., 2005) . In static photographs, the unmoving mouth is often less of a low-level visually salient cue than are the eyes. This changes dramatically in real social interactions, however, where the motion and sound of the mouth provide highly visually and aurally salient attentional cues. To directly test this hypothesis for our observations with S.M., additional study would be needed of S.M.'s face gaze while S.M. listens closely to another person during social interactions. It is intriguing in this light to consider similarities between our findings and those in autism. People with autism do not fixate photographs and videos of faces normally (Klin et al., 2002; Pelphrey et al., 2002) , and are anecdotally reported to gaze at the mouth in social interactions (Grandin, 1996) . It has been suggested that the amygdala dysfunction is in part to blame for these abnormalities in autism (Baron-Cohen et al., 2000) , and recent findings using neuroimaging with photographs of faces support this hypothesis (Dalton et al., 2005) . Our finding that S.M. almost exclusively fixated the mouth during conversations is also consistent with this hypothesis. However, it is important to note that autism likely involves an active aversion to fixating the eyes (Hutt and Ounsted, 1966; Richer and Coss, 1976; Spezio et al., 2007) , whereas we do not have any evidence of direct gaze aversion in S.M. Instead, our observations to date strongly suggest that S.M. simply is not attracted to fixating the eyes, but not averse to them (e.g., S.M. will fixate them on instruction with no psychophysiological or self-report evidence of aversion). These considerations suggest a modified two-component hypothesis for the increased mouth gaze in autism: it may result from low-level attentional capture by the moving mouth, together with aversion to fixate the eyes. The first component could be similar to the effect of amygdala lesions, which we discussed above. The second component would not appear to arise from a decrease in amygdala function (as would result from lesions), but rather could arise from exaggerated amygdala activity linked to social stress (Dalton et al., 2005) . It is conceivable that both decreased and increased amygdala function could contribute to autism, provided that they arise from separate cell populations, or separate nuclei, within the amygdala.
Social gaze is known as a critical component of nonverbal communication and has been studied via observational coding during live situations or on video (Argyle and Cook, 1976) . The technological advance facilitating our study promises new links between the study of social gaze and other methodologies in social neuroscience. As the first high-resolution quantification of social gaze in real conversations, our study opens up possibilities for probing the function of specific brain regions in relation to social gaze, as we have shown. Additional developments will aim at better understanding pathology and rehabilitation in a range of psychiatric disorders, and investigating more thoroughly how social contexts (e.g., deception) and cognitive frames influence gaze in healthy individuals (Granhag and Strömwall, 2002) .
